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VI - COMBUSTION-CHAMBER PERFORMANCE 
By I. Irving Pinkel and Harold Shames 


SUMMARY 

An analysis of the performance of the types A, B, and C com- 
bustion chambers of the 4000 -pound -thrust axial -flow turbojet 
engine is presented. The data were obtained from investigations 
of the complete engine over a range of pressure altitudes from 
5000 to 40,000 feet and ram pressure ratios frcan 1.00 to 1.86. 

The combustion -chamber pressure losses, the effect of the losses 
on cycle efficiency, and the combustion efficiency are discussed. 

The type A combustion chamber had the highest over-all (total) 
pressure loss and the type C the lowest, of the three combustion 
chambers investigated when used under equivalent engine configura- 
tions and operating conditions , Pressure losses due to friction 
were highest for the type A and lowest for the type C combustion 
chamber; pressure losses due to heat addition to the air flowing 
in the combustion chamber were highest for type C and lowest for 
type A. The variation with altitude of the ratios of the pressure 
losses due to heat addition and those due to friction to the 
combust ion -chamber inlet total pressure, called the momentum and 
friction pressure-loss ratios, respectively, was negligible for 
the type A combustion chamber. The data for the type B combustion 
chamber showed that the friction pressure -loss ratio increased, 
and the momentum pressure-loss ratio decreased, with increasing 
ram pressure ratio. 

The loss in cycle efficiency due to the pressure losses in 
the combustion chamber was found to be of little consequence in 
the design operating range of the engine. At low engine speeds, 
however, this loss in cycle efficiency can be as large as 50 per- 
cent of the cycle efficiency attained. 

The data taken at static conditions and a pressure altitude of 
5000 feet show the type B combustion chamber to have the highest 
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and the type -A the lowest combustion efficiency. The combustion 
efficiency improved with engine speed and ram pressure ratio at all 
altitudes and decreased with increasing altitude. At rated engine 
speed the altitude effect on combustion efficiency was no greater 
than 5 percent for the range of pressure altitudes investigated. 


XNTROnJCTION 

A study of the performance of the components of 4000-pound- 
thrust axial -flow turbojet engine has been conducted in the 
Cleveland altitude wind tunnel. An analysis of the performance 
of the combustion chamber based on data obtained with the complete 
engine is presented. A discussion of performance and operational 
characteristics of the complete engine is given in references 1 
to 3 and an analysis of the compressor and the turbine performance 
is given in references 4 and 5, respectively. 

The working substances of the work cycle in jet -propulsion 
engines are the materials involved in the combustion. For this 
reason the flow characteristics of the combustion chamber and the 
manner of heat release influence the over-all performance of the 
jet engine. The combustion of the fuel should be completed before 
the gases reach the turbine and the loss in total pressure of the 
gas flow through the combustion chamber should be low compared 
with the difference between the compress or -out let total pressure 
and the free -stream static pressure. 3f combustion is incomplete, 
not only is fuel lost but also the fuel that is unconsumed in the 
combustion chamber may burn on the surface of the turbine blades 
and raise the turbine -blade temperature above safe limits. The 
loss in total pressure through the combustion chamber reduces the 
cycle efficiency and the mass flow of air through the engine. 

The variation with simulated flight conditions of the pressure 
losses through the combustion chamber, of the loss in engine cycle 
efficiency that results from these pressure losses, and of the 
combustion-chamber efficiency are discussed for the types A, B, and 
C combustion chambers. These combustion -chamber types represent 
the standard combustion chamber (type A) and two modifications. 

The pressure losses due to fluid friction and to the addition of 
heat to the flowing gas in the combustion chamber are separately 
evaluated by means of a pressure -loss chart developed in refer- 
ence 6. The combustion efficiency of the combustion chamber of 
the axial -flow-type turbojet engine investigated is correlated 
with the temperature of the gas at the combust ion -chamber outlet. 

The engine operating range for which data are discussed 
extended from pressure altitudes of 5000 to 40,000 feet and ram 
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pressure ratios from 1.00 to 1.86. The ram pressure ratio is 
defined as the ratio of the total pressure at the engine inlet to 
the tunnel static pressure. The data for this range are necessarily 
restricted to the operable engine speeds at each pressure altitude 
and ram pressure ratio and are not sufficiently complete to deter- 
mine the altitude limits of operation of the three combustion 
chambers used in this investigation. 

The high-flow compressor represents no engine modification 
contemplated for production by the engine manufacturer but repre- 
sents the attempt of the engine manufacturer to obtain increased 
performance by modifying the standard 4000 -pound -thrust axial -flow- 
turbo jet engine at the time of this investigation. 


DESCRIPTION OF COMBUSTION CHAMBERS 

The three combustion chambers are illustrated in figure 1. 

Each chamber consists of an outer duct and a liner (sometimes 
referred to as a "basket"). All the chambers have the same dimen- 
sions and differ only in the primary-air entrance arrangements on 
the liner dome. In the type A combustion chamber (fig. l ) , standard 
for the engine investigated, all the louvers shown in the dome are 
pushed out. In the type B combustion chamber, the middle row of 
louvers is pushed in to give an upstream -velocity component to the 
air on the inside surface of the dome and thus improve the engine 
starting characteristics. The type C combustion chamber has fewer 
louvers, which are pushed in. The dome is surrounded by a ram 
hood. Swirling of the air inside the dome of the type C combustion 
chamber is accomplished by two rows of louvers arranged to induce 
circumferential air flow In opposite directions. Type C was 
designed to raise the upper blow-out limit for high-altitude opera- 
tion. The blow-out limits and the starting characteristics of the 
three types of combustion chamber are discussed in reference 2. 

The turbojet engine has eight combustion chambers arranged in 
parallel. Each combustion chamber is fitted with inlet and outlet 
ducts leading to the compressor outlet and turbine inlet, respectively. 


ENGINE INSTALLATION AND INSTRUMENTATION 

A complete description of the installation and instrumentation 
of the 4000 -pound -thrust axial -flow turbojet engine in the Cleveland 
altitude wind tunnel is given in refei’ence 1; the description per- 
tinent to this report is included herein. 



4 


NACA RM Ho. EQF09e 


The engine was rigidly suspended from a 7 -foot -chord wing 
mounted in the test section of the tunnel (fig. 2). For the static 
runs, a cowling was fitted to the engine inlet and the engine air 
was drawn from the tunnel. For the runs that simulated flight con- 
ditions, air was supplied to the engine inlet by a duct connected to 
the tunnel make-up air supply. Inlet-air pressure up to approxi- 
mately sea-level atmosphere could he maintained at all pressure 
altitudes corresponding to the desired ram pressure ratio (ratio of 
engine-inlet total pressure to tunnel static pressure) to be simu- 
lated. At a pressure altitude of 40,000 feet, ram pressure ratios 
as high as 1.86 were attained by this means. Although refrigerated 
air was used, the cooling capacity of the system was insufficient to 
maintain NACA standard temperatures at the engine inlet for the low 
ram pressure ratios at the high altitudes. At pressure altitudes 
above 30,000 feet, the engine inlet-air temperatures were usually 
higher than those required by the simulated flight conditions 'in 
standard MCA air. 

The stations at which pressure probes and thermocouples were 
installed are shown in figure 3. The instrumentation at the inlet 
and the outlet of the combustion chamber, stations 4 and 5, is 
pertinent to this report. 

The arrangement of thermocouples and total -pres sure probes at 
the compressor outlet, taken as the combust ion -chamber inlet, is 
shown in figure 4. Two separate sets of total -pressure probeB were 
used. The MCA set consisted of three probes mounted on rakes lying 
on radii that bisect the compressor outlets. The other probes were 
single total -pres sure 1 probes displaced circumferentially from these 
radii in the same- compressor outlet. Two exposed thermocouples were 
installed with each set of MCA total -pressure probes. Four of the 
eight compressor outlets were 30 instrumented. The total pressure 
at the turbine inlet was obtained with two diametrically opposite 
total -pressure probes located on the leading edge of the turbine- 
nozzle vane at the mean radius of the turbine -nozzle annulus. Wo 
thermocouples were placed at the entrance to the turbine nozzle. 

The turbine-inlet total temperature was computed from the total 
temperature of the gases in the tail pipe. 

Pressures were measured by mercury manometers with the tunnel 
static pressure used as the reference pressure. The manometers 
were read to ±0.05 inch of mercury, which is equivalent to a maxi- 
mum reading error of ±3.6 pounds per square foot. An error of 
7.2 pounds per square foot is possible in computing the difference 
in the total pressure of the flow from compressor outlet to turbine 
inlet. For low air mass flows through the engine, this error is 
sometimes 25 percent of the measured pressure drop across the com- 
bustion chamber. 
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The types A, B, and C combustion chambers were installed in 
configurations of the turbojet engine shown in the following table 


Combustion 

chamber 

Compressor 

Turbine - 
nozzle 
area 
(sq in.) 

Tail -pipe - 
nozzle 
diameter 
(in.) 

A 

Low flow 

Small, 

101.9-97.7 

16 i 

B 

Low flow 

Standard, 

106.8-108.0 


C 

High flow 

Large, 

121.0-119.9 

18 


Because of the different engine configurations used with each 
combustion -chamber type a direct comparison of performance among 
combustion chambers was sometimes impossible. 


SYMBOLS 


A 


C 

C P 

c p,b 


c 


p,c 


c 


p,j 


c p,t 


g 


The following symbols are used in the analysis; 


area of equivalent combustion chamber of constant cross 
section, square feet 

constant, p /p 7 

specific heat at constant pressure, Btu per pound °R 


average specific heat at constant pressure for combustion 
chamber, Btu per pound °R 

average specific heat at constant pressure for compressor, 
Btu per pound °E 


average specific heat at constant pressure from station 9 
to station 0, Btu per pound °R 

average specific heat at constant pressure for turbine, Btu 
per pound °R 


mass ratio, 32.2 pounds mass per slug 
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T i 
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lover heating value of fuel, Btu per pound, (18,600) 
mechanical equivalent of heat, foot-pounds per Btu, (778) 
combustion-chamber friction pressure-loss factor 
Mach number, ratio of gas speed to local speed of sound 
engine rotational speed, rpm 

total pressure, pounds per square foot absolute 

loss in total pressure due to friction, pounds per square 
foot 

loss in total pressure due to heat additions to the gas in 
the combustion chamber (so-called momentum pressure loss), 
pounds per square foot 

over -all loss in total pressure due to friction and momentum 
changes, pounds per square foot 

static pressure, pounds per square foot absolute 

gas constant for air, foot-pounds per pound °R, (53.3) 

total temperature, °R 

indicated temperature, °R 

static temperature, °E 

air mass flov through each combustion chamber, pounds per 
second 

air mass flov through entire engine, pounds per second 
fuel mass flow, pounds per second 

gas mass flow through entire engine, pounds per second 

ratio of specific heat at constant pressure to specific heat 
at constant volume 

engine cycle efficiency 

engine cycle-efficiency loss 
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% 

% 

°2 

P 


c ombus t ion -chamber efficiency 
turbine adiabatic efficiency 

ratio of compressor inlet -air total temperature to HACA 
standard sea-level static temperature 

air density , pounds per cubic foot 


Pp 


air density, measured tinder stagnation conditions, pounds 
per cubic foot 


Subscripts : 


0 free stream 


1 entrance to engine diffuser 

4 combust ion -chamber inlet; also compressor outlet 

5 combustion-chamber outlet; also turbine inlet 

6 turbine outlet 

8 tail rake 

» 

9 vena contracta in jet issuing from tail-pipe nozzle 

B entrance to combustion zone of equivalent combustion chamber 

(station B) 


c compressor 

t turbine 


METHODS (F ANALYSIS 

Loss in total pressure across combustion chamber. - The meas- 
ured loss in total pressure across the combustion chamber was subject 
to appreciable error because it was computed by taking the differ- 
ence in readings of separate mercury manometers connected to the 
compressor -outlet and turbine-inlet total -pressure tubes. The MCA 
instrumentation at the compressor outlet (fig. 4) gave substantially 
the same readings as the other, instrumentation, but the small differ- 
ences in readings obtained with the two sets of instrumentation gave 
differences in combustion -chamber pressure losses as great as 50 percent. 
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The turbine -inlet total pressure was obtained at two points in the 
turbine -nozzle diaphragm annulus. These two pressure measurements 
were insufficient to give an accurate representative reading of the 
total pressure at the turbine inlet. 


Because of the uncertainties in the pressure -loss data, the 
pressure-loss chart developed in reference 6 was used to aid in 
determining which set of instrumentation was giving pressure-loss 
values closer to the correct values. The chart is reproduced as 
figure 5. This chart also provides a means of separately deter- 
mining that part of the pressure loss due to flow losses involving 
friction APp and that part of the pressure loss due to the addi- 
tion of heat to the air stream AP M . The chart permits the 


pressure-loss characteristics of the combustion chamber to be 
specified by a friction pressure -loss factor K related to the 
friction pressure-loss characteristics and by an equivalent area A 
related to the momentum pressure -loss characteristics of the com- 
bustion chamber. The friction pressure -loss factor is defined by 
the equation 


APp = K 


W 2 E T 4 



( 1 ) 


The equivalent area A is the cross section of a corresponding com- 
bustion chamber of constant cross-sectional area having the same 
momentum pressure -loss characteristics as the actual combustion 
chamber. The over -all pressure loss across the combustion chamber 
is APj = APp + APp;. A resume of the use and applications of the 

pressure -loss chart is given in appendix A. 

Cycle efficiency. - The cycle efficiency was determined accord- 
ing to the standard definition; that is, 

heat supplied by source - heat rejected to sink 
^ ~ heat supplied by source 

c p,b ( T 5 ~ T 4) " c p,j ^9 ~ t Q) 
c p,b ( T 5 " T 4) 

The expression for the loss in cycle efficiency due to the 
pressure losses in the combustion chamber is developed in 
appendix B (equation (B6)) as 


MCA RM Wo. E8F09e 


9 



Izk 

°P,j t 9 

i ( : E>5 Y ■ 

\ P 4 / _ 


c p,b ( P 5 " T 4) 


where y is the average value between stations 5 and 9. This 
expression is approximate because of the assumptions made in its 
development . 


Combustion-chamber efficiency. - The combust ion -chamber effi- 
ciency is defined as the ratio of the actual enthalpy rise across 
the combustion chamber of the gases with an average specific heat 
to the theoretical enthalpy rise that would be realized with com- 
plete combustion; that is, 

9 


_ c p,b ( T 5 ~ T 4) 
^b " (W f /W a )h 





Ho correction was made for heat losses from the combustion chamber. 


Greatly simplified considerations involving the kinetics of 
the combustion reaction and the reaction time available in the 
combustion chamber indicated the possibility of plotting log t]»/T^ 
against 1/T5 as straight lines for constant values of the param- 
eter P 4 /W ? . Combustion efficiency was so plotted for the type B 
combustion chamber. 


METHODS OF CALCULATION 

Determination of air flow. - The air flow through the combus- 
tion chambers was determined frcm the temperature and pressure 
measurements obtained with the survey rake placed at the outlet of 
the tail -pipe nozzle (station 8, fig. 3) by 



¥ a = W g - Wf 
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Inasmuch as the turbojet engine investigated has eight combustion 
chambers, the air flow per combustion chamber ¥ is equal to ¥ & /8. 

Determination of temperatures. - Static temperatures were cal- 
culated from indicated temperature readings by 



where a is the thermocouple impact -recovery factor taken as 0.85, 
based on the calibration of the type of exposed thermocouple used 
in this investigation. 

The total temperature was obtained from the isentropic adiabatic 
relation 



21=1 
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Determination of combustion -chamber outlet total temperature. - 
The combustion-chamber outlet total temperature Tg was computed 
from the rake temperature Tg by 


T 5 = AT t + T 6 



The total temperature at the turbine outlet Tg was considered to 
be equal to the total temperature at the tail rake Tg. Based on 
the assumption that the measured enthalpy rise across the compres- 


sor c pjC AT 0 
c p,tATt and 


is equal to the enthalpy drop across the turbine 


= V g , 


/ 

¥ r/ . 


v. 


the value of AT^ is 
■»AT„ 


\ 


AT+ 




Jp,t 


The expression for Tg is then 


¥ J 1 


Tc = 




3 p,t 


+ T c 


a 4^ 

W 


/ ,(y 

V h 

# v/ 


A 
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Wo correction was made for mechanical -friction losses that would 
give slightly higher values for AT^ and T 5 than were computed 
from the preceding equations. 

Determination of ambient gas temperatures at engine inlet 
and outlet. - The engine inlet -air temperature that corresponds to 
ram pressure ratio and pressure altitude could not be maintained 
for all of the runs. The calculated ambient temperature tQ that 
corresponds to the engine inlet conditions was computed frcaa the 
isentropic relation 




t 0 = T X 



?0 


Because the tail-rake static pressure Pg is generally 
greater than the tunnel ambient pressure p Q , the temperature of 
the exhaust gases tg at the ambient tunnel pressure was similarly 
computed 


78' 1 



EXPER3MEWTPX RANGE 

The combust ion -chamber data discussed are restricted to the 
operable range of engine speeds that correspond to the pressure 
altitudes and ram pressure ratios investigated. Data with the type A 
and type C combustion chambers were taken only for the static case 
over an altitude range from 5000 to 40,000 feet; all comparisons 
among combustion chambers are therefore limited to this case. Data 
for the type B combustion chamber were taken at pressure altitudes 
of 5000 and 40,000 feet for the static case and at 30,000 and 
40,000 feet for ram pressure ratios ranging from 1.10 to 1.86. At 
a rani pressure ratio of, 1.20, data were available to compute the 
type B combust ion -chamber efficiency over a range of pressure alti- 
tudes from 10,000 to 40,000 feet. 



12 


NACA EM No, E8F09e 


RESULTS AND DISCUSSION 
Coinbus t i on -C hamb er Pressure Losses 

A comparison of the experimentally determined over-all (total) 
pressure-loss ratios APip/P^ with those obtained from the pressure- 

loss chart for the types A, B, and C combustion chambers at pres- 
sure altitudes from 5000 to 40,000 feet under static conditions is 
shown in figure 6. A similar comparison is given in figure 7 for 
the type B combustion chamber operating at pressure altitudes of 
50,000 and 40,000 feet with the ram pressure ratio ranging from 
1,10 to 1.86. The corresponding values of the friction pressure- 
loss ratios APp/P^ and the momentum pre3sure-loss ratios AP^/P^ 

obtained from the pressure -loss chart are included In figures 6 
and 7. In general, the values of the over-all pressure-loss ratios 
obtained from the chart lie between the values obtained with the 
NACA and the commercial instrumentation. The values of the friction 
pressure -loss factor E and the equivalent area of cross section A 
used to obtain the pressure-loss ratios from the chart are given 
in the following table. The methods used to obtain the values of K 
and A are discussed in appendix A. 


Combustion 

chamber 

K 

A 

(sq ft) 
(a) 

KA 2 

A 

0.667 

0.30 

0.060 

B b 

.432 

.25 

.027 

B° 

.447 

.25 

.028 

C 

.347 

.24 

.020 


a Actual liner cross-sectional area 
is approximately 0.30 square 
foot . 

Results obtained with friction and 
over-all pressure-loss data 
(fig. 20(a), appendix A) . 

'^Results obtained only with over-all 
pressure-loss data (fig. 20(b), 
appendix A) . 

The large difference in the values of KA 2 for the types A 
and B combustion chambers appears to be excessive in view of the 
small difference in liner -dome arrangement involved. In figure 6, 
however, the values of the over-all pressure-loss ratios predicted 
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O 

from, the chart ■with the values of KA given for the three types 
of combustion chamber are shown to agree with the measured values 
within the limits of experimental error. 

The curves plotted in figures 6 and 7 are regrouped in sub- 
sequent figures to provide comparisons and to indicate the trends 
in the data. 

In order to make the comparison of the pressure losses for 
types A, B, and C combustion chambers shown in figure 8, the pres- 
sure losses for types B and C were computed by means of the 
pressure -loss chart. This method of comparison was required 
because the engine configuration differed for each combustion cham- 
ber. The computation of pressure losses was based on the assump- 
tion that the types B and C combustion chambers were installed in 
an engine with the same components used with the type A combustion 
chamber. The data for type A were obtained with the low-flow com- 
pressor, the small turbine nozzle, and the 16| -inch-diameter tail- 
pipe nozzle for static conditions. 

The type cf combustion chamber with the lowest value of cross- 
sectional area of the equivalent combustion chamber A has the high- 
est value of momentum pressure loss for a given value of generalized 
air mass flow W^/T^/P^ and temperature ratio T 5 /T 4 . The type C 

combustion chamber would therefore have the highest momentum pres- 
sure losses and type A the lowest. This relative order of the 
momentum pressure-loss values is shown in figure 8, in which the 
calculated momentum pressure -loss ratio AP^/Pq for all combustion 
chambers is plotted against the corrected engine speed w/y©^ for 
pressure altitudes of 10,000 and 30,000 feet for the static 
conditions. 

The friction pressure loss increases with the value of K. 
According to the listed values of K, the friction pressure-loss 
ratio AP F /P 4 should be highest for the type A combustion chamber 
and lowest for type C. The order of the relative values of APj./P 4 

for the combustion chambers is indicated by the relative values 
of K. The calculated friction pressure -loss values for all com- 
bustion chambers are also shown in figure 8. A comparison of the 
data in figures 8(a) and 8(b) shows that APj./P 4 is greater than 
AP m /Pb for types A and B combustion chambers for all values of the 
corrected engine speed N ! For the type C combustion chamber, 
AP M /Pg is approximately equal to APp/P 4 for all values of N / 
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at pressure altitudes of 10,000 and 30,000 feet. The computed over- 
all (total) pressure-loss ratio AEp/P^, also plotted in fig- 
ures 8(a) and 8(t>), is highest for type A and lowest for the type C 
combustion chamber for both altitudes. 

The values of ABp/P 4 , APp>/? 4 , and A%/Pp are given in 

figure 9 for the type B combustion chamber at a pressure altitude 
of 30,000 feet with values of ram pressure ratio ranging from 1.10 
to 1.76. The largest effect of ram pressure ratio on the friction 
pressure -loss ratio occurred between a ram pressure ratio of 1.20 
and 1.65. In general, the over-all and friction pressure-loss 
ratios increase and the momentum pressure-loss ratio decreases with 
ram pressure ratio. The increase in APp/P 4 is due to the large 

W,yT 4 /p 4 at the high ram pressure ratios and the decrease in 

is attributed to the small temperature ratio required to 
maintain a given engine speed at high ram pressure ratios. 

Plots of ABj/p 4 , APp/? 4 , and APj^/Pg are given in figure 10 

for the type A combustion chamber for static conditions at pressure 
altitudes ranging from 5000 to 40,000 feet. The curves show that the 
effect of altitude on all the pressure -loss ratios is negligible for 
the engine configuration with the low-flow compressor, the small tur- 
bine nozzle, and the 16--inch-diameter tail-pipe nozzle. 


Cycle -Efficiency Losses 

The expression developed in appendix B for the loss in cycle 
efficiency Arj can be considered only approximate because of the 
assumptions made in the development; that the engine speed and 
the temperature rise across the combustion chamber are the same 
for the cases with or without combustion -chamber pressure losses. 

The cycle -efficiency losses that result from combustion- 
chamber pressure losses are shown for the types A, B, and C combus- 
tion chambers in figure 11 for static conditions with altitudes 
ranging from 5000 to 40,000 feet, and in figure 12 for the type B 
combustion chamber at an altitude of 40,000 feet with the ram 
pressure ratio ranging from 1.20 to 1.86. The data are presented 
as the fractional cycle-eff iciency loss Atj/tj. The values of the 
corresponding cycle efficiency tj are plotted for reference. At 
the low corrected engine speeds the loss in cycle efficiency rep- 
resents as much as one-half the efficiency obtained. The fractional 
cycle-eff iciency loss varied inversely with corrected engine speed. 
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Above a corrected engine speed of 7600 rpm, the fractional cycle- 
efficiency losses are no greater than 0.06 for any combustion 
chamber. 

The effect of altitude on At^/tj for the type A combustion 
chamber is shown in figure 13 replotted from data given in fig- 
ure 11 for static conditions at pressure altitudes ranging from 
5000 to 40,000 feet. The fractional cycle -efficiency losses 
increase with pressure altitude (except at 30,000 ft) for values 
of the corrected engine speed less than 6500 rpm. The curve for 
a pressure altitude of 30,000 feet varies from the general trend. 

At a corrected engine speed of 5750 rpm, the value of Atj/t) at 
40,000 feet is 1.6 the value at 5000 feet. In the neighborhood of 
the design engine speed (7600 rpm) the effect of altitude on Atj/t] 
is poorly defined in figure 13. 

The effect of ram pressure ratio on Ai)/r) at a pressure alti- 
tude of 40,000 feet is shown in figure 14 replotted from data given 
in figure 12 for the type B combustion chamber. The value of At)/tj 
decreases with increasing ram pressure ratio for the entire range 
of corrected engine speed. At a corrected engine speed of 6250 rpm, 
the value of Aq/q for a ram pressure ratio of 1.20 is 1.7 the 
value for a ram pressure ratio of 1.62. 

High cycle-efficiency losses contributed to engine-acceleration 
difficulties encountered in operation at low engine speeds. The 
high cycle -efficiency losses require a larger temperature rise across 
the combustion chamber to provide the energy to accelerate the engine 
than would be needed without these losses. At starting engine speed 
the combustion efficiency is quite low. Under these conditions, 
large increases in the fuel-air ratio are required to obtain the nec- 
essary temperature rise across the combustion chamber. As a result, 
high cycle -efficiency losses require that the combustion chamber 
operate In the range of fuel -air ratios where the combust! on -chamber 
efficiency falls rapidly with increasing fuel-air ratio. 


Combustion Efficiency 

The combustion efficiency q-^ is plotted against the corrected 
engine speed N/ JoZ for the types A, B, and C combustion chambers 

in figure 15. These data show that, at a pressure altitude of 
5000 feet and for static conditions, the combustion efficiency of 
all the combustion chambers increased with corrected engine speed. 
The combustion efficiency was highest for the type B combustion 
chamber and lowest for type A. 
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The effect of pressure altitude on the combustion efficiency of 
the type B combustion chamber at a ram pressure ratio of 1.20 is 
shown in figure 16. Combustion efficiency decreased with increasing 
altitude over the entire range of corrected engine speeds. The 
variations in combustion efficiency with pressure altitude for the 
type B combustion chamber are shown to decrease with increasing 
corrected engine speed. 

The variation of combustion efficiency with ram pressure ratio 
is shown in figure 17 for the type B combustion chamber at a pres- 
sure altitude of 40,000 feet. The combustion efficiency improved 
with ram pressure ratio over the entire range of corrected engine 
speeds. The improvement obtained at the high ram pressure ratios 
was greatest in the low range of corrected engine speeds. 

A method of correlating combustion efficiency is presented in 
figure 18. Log -v/Tg is plotted against l/T 5 for the type B 

combustion chamber. Points representing constant values of the 
parameter P4/W 1 2 for a range of engine conditions determine a 
single straight line. The points on this figure were obtained from 
cross plots of T) /v/Tg against P4/W 2 and l/Tg against P^/w 2 . 

Charts of this type are useful in obtaining an estimate of the com - 
bustion efficiencies beyond the value of T 5 covered by experiment 
because the direction of extrapolation is well defined by straight 
lines. Extrapolation should not be made to a set of combustion- 
chamber conditions for which there is reason to believe that the 
location of the origin of the flame changes. 


SUMMARY OF RESULTS 

The following results were obtained for types A, B, and C com- 
bustion chambers operating in the complete 4000-pound -thrust axial- 
flow turbojet engine at static conditions over a range of pressure 
altitudes from 5000 to 40,000 feet and for the type B combustion 
chamber at ram pressure ratios from 1.00 to 1.86 and the same pres- 
sure altitudes : 

1. From the measured pressure-loss data, the following values 

of the friction pressure -loss coefficient K and the cross- 
sectional area of the equivalent combustion chamber A were 
obtained : 
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Combustion 

chamber 

K 

A 

(s<l ft) 

KA 2 

A 

0.667 

0.30 

0.060 

B 

.432 

.25 

.027 

C 

.347 

.24 

.020 


By means of the pres sure -loss chart and these values of K and 
A, which define the pressure -loss characteristics of the combus- 
tion chambers, the following conclusions regarding the pressure 
losses of the types A, B, and C combustion chambers are drawn. 

(a) For the same values of the corrected engine speed N/ »/ 6 ^, 

the combustion-chamber momentum pressure-loss (that is, loss due 
to heat addition to gas flowing in combustion chamber) ratio 
APjyj/Pg obtained by means of the pressure-loss chart was highest 

for the type C combustion chamber and lowest for the type A combus- 
tion chamber. For types A and B the friction pressure-loss ratio 
was always greater than the corresponding momentum pres sure -loss 
ratio. For the type C combustion chamber the momentum pressure- 
loss ratio was approximately equal to the friction pressure-loss 
ratio over the entire range cf corrected engine speeds at pressure 
altitudes of 10,000 and 30,000 feet. 

(b) For the same values of the corrected engine speed, the 
friction pressure-loss ratio AFg>/P 4 was highest for the type A 
combustion chamber and lowest for the type C combustion chamber. 

(c) The over-all pressure-loss ratio AP 31 /P 4 was highest for 

the type A combustion chamber and lowest for type C at all pressure 
altitudes for the static case. 

(d) For the type A combustion chamber used with the low-flow 
compressor, the small turbine nozzles, and the 16 --inch-diameter 

tail pipe, the combust ion -chamber momentum, friction, and over -all 
(total) pressure-loss ratios were only slightly affected by var- 
iations in pressure altitude for the same values of the corrected 
engine speed. 

(e) The friction and the over-all pressure-loss ratios increased 
with ram -pres sure ratio and the momentum pressure loss decreased 
with increasing ram pressure ratio for the type B combustion chamber. 

2. The fractional cycle-efficiency loss A-q/rj due to combustion- 
chamber pressure losses varied inversely with corrected engine speed. 
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The value of Atj/tj increased with pressure altitude and decreased 
with increasing ram pressure ratio. The loss in cycle efficiency 
due to combustion-chamber pressure losses was negligible in the 
design operating range of the engine, but at low engine speeds was 
as high as 50 percent of the efficiency attained. 

3. The data taken at static conditions and a pressure altitude 
of 5000 feet indicate that the type B combustion chamber had the 
highest combustion efficiency and type A the lowest. The combus- 
tion efficiency generally increased with corrected engine speed and 
ram pressure ratio and decreased with increasing pressure altitude. 
At the rated engine speed the altitude effect on combustion effi- 
ciency was no greater than 5 percent for the range of pressure 
altitudes investigated. 

4. In the range of the data discussed, straight lines were 
obtained when log rj^Tg was plotted against l/T 5 for constant 

values of the parameter P 4 /W 2 , where tu is combust ion- chamber 
efficiency, T 5 is turbine-inlet total temperature, P^ is 

compressor -out let pressure and W is air flow through one combus- 
tion chamber. Such plots are useful for predicting approximate 
combustion efficiencies for operating conditions beyond the limits 
of the data. 


Flight Propulsion Research Laboratory, 

National Advisory Committee for Aeronautics, 
Cleveland, Ohio. 
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APPENDIX A 


PBESSUEE-LOSS CHART 

The development and use of the combustion-chamber pressure-loss 
chart described in reference 6 is summarized. 

Development of chart. - The following assumptions were made to 
derive the equations on which the combustion-chamber pressure-loss 
chart is based: 

1. The actual combustion -chamber pressure losses can be matched 
by those of an equivalent combustion chamber of uniform cross- 
sectional area A having the form shown in figure 19. 

2. The over-all. loss in total pressure APy is equal to the 

sum of the pressure loss across the combustion chamber with the air 
flowing and no combustion occurring (engine windmilling) APp plus 
the pressure loss due to heat addition to the air flow in the com- 
bustion chamber, or the so-called momentum pressure loss, A%; 
that is. 


APp = APp + APj,j (Al) 

The term APyj includes only the pressure losses due to the addition 
of heat to the air flow in the combustion chamber. The term APp 
includes the pressure losses involved in bringing the air from the 
compressor outlet through the basket and into the combustion zone. 
The pressure loss due to friction in the unobstructed combustion 
zone is considered negligible compared with the friction pressure 
losses involved in conducting the air into the combustion zone. 
Inasmuch as P-g = - APp and APp is no greater than 0.04?4 

for the combustion chamber, little error is made in writing 

APm ~ '\..A " . - 


and 


APrj 


AP 


F 


AP, 


M 


APp AP m 

" ?T + 


(A2) 


Once the values of K and A for the combustion chamber are 
APp/P^ and APJ 4 /P 3 for known values of the 


known, the values of 
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combustion-chamber inlet parameter ¥-/T^/P 4 and the total- 

temperature ratio' T5/T4 may be obtained from the pressure -loss 
chart. 

Use of pressure -loss chart. - The pressure-loss chart is 
used as follows to determine the various pressure losses : The 

values of K and A are assumed to be known for the combustion 
chamber. For known values of W and the temperature ratio 

T5/T4, the pressure losses due to friction and momentum are then 

evaluated in four steps around the chart (fig. 5) . The point on 
the ordinate of quadrant XV having the value is the 

starting point on the chart. From the curve that has the appro- 
priate value of A, the value of M4 is determined on the abscissa 

of quadrant TV and the corresponding value of APp/P^ is obtained 

by means of the curve in quadrant I that has the value of KA for 
the combustion chamber. From this value of APp/P^ and the curve 

in quadrant II having the value of M4 previously obtained, the 
value of Mg is determined on the abscissa of quadrant II. From 
the proper T5/T4 curve in quadrant III, AF^/Pg is obtained on 
the ordinate of quadrant III. The value of ABJ1/P4 is the sum of 
APp/p4 and AP M /Pg according to equation (A2). 

Determination of K and A. - The values of E and A for 
a given combustion ch&mber can be determined by means of the 
pressure -loss chart if ABJ1/P4 and APp/P^ are known from exper- 
iment for the same value of V^T^/P^. The friction pressure loss 
APp is measured across the entire combustion chamber with air 

flowing through the combustion chamber without combustion taking 
place. In figure 20(a) the values of A and EA P for the type B 
combustion chamber were obtained from the pressure -loss chart with 
the following experimentally determined data: 


A Bt> 

-v~ = 0.0420 


APp 


0.0280 (from engine windmilling data) 


ap M 

P B 




= 0.014 (according to equation (A2)) 
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1.78 



0.0346 


In the chart of figure 20(a) the following construction was 
used; Line B-A, quadrant III, was drawn parallel to the abscissa 
through the known value of AP^/Pg and ended on the proper T5/T4 

curve. Line C-D was drawn parallel to the abscissa through the 
value of APpi/P^. Line E-F was drawn parallel to the abscissa 

through the value of W^T^/P^. Line A-G was drawn parallel to the 

ordinate. The intersection of lines A-G and C-D determined a value 
of M4. The line E-J was drawn parallel to the ordinate through 

Ma on the abscissa of quadrant I. The intersection of line E-J 

2 

with line C-D determined the value of KA = 0.0269 for the type B 
combustion chamber. The intersection of lines E-F and E-J similarly 
determined the value of A in quadrant IV equal to 0.25 square foot. 

If APj> is known for a different value of ¥v / T4/P4 than 
corresponds to the known value of A Pip, the required value of APp 
corresponding to APp can be obtained from an evaluation of E in 
equation (l) with the known value of APp and the corresponding 
value W / /Ta/P 4. The* required value of APp is then obtained from 
K and the value of Vr^lT/^ corresponding to APp. 

O 

A method of finding KA and A for a combustion chamber when 
only the over -all loss in total pressure APp can be obtained is 

shown in figure 20(b). It is assumed that for a known value of 
Wa/T 4/P4 two values of APj/Pa can be measured that correspond to 

two known different values of the combustion-chamber temperature 
ratio T5/T4. For both cases AFp/P4 has the same value because 

wy T4/P4 Is the S8me (equation (l)). The difference in the meas- 
ured values of ABJ1/P4 represents the difference in the values of 
AP M /Pg (equation (A2)). This difference is set on a pair of 
dividers according to the scale of the ordinate of quadrant III 
(fig. 20 (b)). ¥ith the line joining the divider points held par- 
allel to the ordinate, one leg of the dividers is moved along one 
of the curves in quadrant III having one of the values of T5/T4 

used in the investigation until the second leg of the dividers 
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intercepts the curve having the other value of T s /T 4 . The values 
of APj^/Pg are thus determined for both engine conditions and the 
value of APjp/P 4 is obtained by subtracting AP M /Pg from the 
corresponding value of AP T /P 4 (equation (A2)). A construction 

similar to that previously described for figure 20(a) can then be 
made to obtain A and KA^ as shown in figure 20(b) for the 
experimental data given in the figure. 
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APPENDIX B 


EFFECT OF PRESSURE LOSSES THROUGH COMBUSTION 
CHAMBER ON CYCLE EFFICIENCY 


Cycle efficiency tj is defined as 

_ c p,b ( t 5 - t 4) - c p,j ftp - * 0 ) 
n = °p,b (*5 - T 4) 


(Bl) 


The efficiency for the case with no combust ion -chamber pressure 
losses is compared with that for which pressure losses occur in 
obtaining the effect of combustion-chamber pressure losses on cycle 
efficiency. The same engine entrance conditions, engine speed, tur- 
bine efficiency, turbine temperature ratio T g /T 5 , and temperature 

rise through the combustion chamber are assumed for both cases. The 
flow processes in the tail pipe and the tail-pipe nozzle are con- 
sidered to be 100-percent efficient. The expression for the loss in 
cycle efficiency At) due to combustion-chamber pressure losses is 

Arj = t]' - t) 

_ Qp.b ( T 5- T 4) - c p,J (V -*0 ) _ c p,b (T 5 -T4)-c Pt j (t 9' ~ t 0 ) 

c p,b ( T 5 " T 4^ c p,b ( T 5 “ T 4^ 


cp,b (T 5 - T 4 ) 


(B2) 


where rj' is the cycle efficiency with no combustion -chamber pres- 
sure loss and tg' is the temperature of the exhaust gases with no 

combustion-chamber pressure loss. The unprimed terms correspond to 
the case in which combustion -chamber pressure losses occur. 

In order to use equation (B2), a relation tg' = f (To, P 5 , Ps' ) 
where P 5 ' is the total pressure at the turbine inlet with no 

combust ion -chamber pressure losses, must be obtained. This rela- 
tion is derived in the following steps. 


Turbine efficiency is given by 



24 


MCA EM No. E8F09e 



from which 



(n t - i) - ^ 



(B3) 


as Tg/r 5 is assumed equal to Tg'/Tg' and is assumed to he 

the same for the cases with and without combustion -chamber pressure 
losses . 


The isentropic adiabatic relation and the equation of state 
for a perfect gas give 



At the turbine inlet , then 

1 Xzk 

(cs_y 

\ c 57 ' m 5 ' \ p 5 ) 

and inasmuch as T5 = Tg' 


1 7-1 



Likewise, because Tg = Tg' 


1 7-1 




NACA EM Ho. E8F09e 


25 


and 


From equation (B3) 


1 7-1 

V\ 7 fa M 7 
v c s' c 6 ) ~ \v 6 ' p 5 ; 


y-i 

VV 1*5/ 


= 1 


therefore 



c 6 



From equation (B4) and from the assumption that the flow is adiabatic 
and isentropic between stations 6 and 9 (Cg = Cg) 



11 Tzi 

v y _ /v y _ v /v \ 7 

9 5 ) \ c 6 / t 0 V 9 / 


Inasmuch as pg 
static pressure 


PO “ P9* > where Po 


is the free -stream 



where y is the average value between stations 5 and 9. 

Because it represents the total pressure at the combustion- 
chamber outlet for the case of no pressure losses ^ Pg' = thus 



(B5) 
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By substitution of equation (B5) in equation (B2) 


7-1 





(B6) 


where 


P5 P4 - APf _ APt 
= “~*4 = " P 4 


The assumption that the engine speed, the temperature rise 
across the combustion chamber, and the total -temperature ratio 
across the turbine are the same for the cases with and without 
pressure losses across the combustion chamber represents an appi'ox- 
imation. In order to maintain the engine speed with the reduced 
pressure drop across the turbine resulting from the combustion- 
chamber pressure losses, higher turbine-inlet temperatures would be 
required than for the case without pressure losses . 
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Figure 2. - Installation of 4000-pound axial-flow turbojet engine in Cleveland altitude wind tunnel. 
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Figure 3. - Side view of 4000 -pound-thrust axial-flow turbojet engine installation showing measuring 

stations. 
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APx 

Calculated total pressure-loss ratio, -p- 

* * 

Measured total pressure-loss ratio, -«■ - (S.E, probes) 

4r 

Measured total pressure-loss ratio, (NACA probes) 

f 4 ip _ 

Calculated friction pressure-loss ratio, 


.04 


» .02 



4000 


5000 


4000 5000 

Corrected engine speed, N/jSj., rpm 

(a) Type A combustion ohamber; pressure (b) Type B combustion chamber; pressure 
altitude, 5000 feet; low-flow com^ altitude, 5000 feet; low-flow com- ^ 


( c ) ' Type C combustion ohamber; pressure 
altitude, 5000 feet; high-flow com- 
pressor;' standard turbine nozzle; 16f- pressor; large turbine nozzle; le- 

inch-dlameter tail-pipe nozzle. ' inch-diameter tail-pipe nozzle. inch-diameter tail-pipe nozz e. 

Figure 6.- Comparison of measured pressure losses with losses calculated by means of pressure chart. Static conditions. 
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Pressure-loss ratio 
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Pressure-loss ratio 



Figure 6,“ Continued, Comparison of measured pressure losses with losses calculated by means of pressure 
chart. Static conditions. 
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l 


o 

□ 
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A 


AP^ 

Calculated total pressure-loss ratio, 

APm 

Measured total pressure-loss ratio, (G,E. probes) 

”4 

iP — (NACA probes) 

4 

APp 

Calculated friction pressure-loss ratio, 

p 4 

APu 

Calculated momentum pressure-loss ratio, — 

p 4 


Measured total pressure-loss ratio, — p- 



50OT 


"To 


"TO 


1TO 


(J) Type A combustion chamber; pressure altitude, 
40,000 feet; low-flow compressor; small turbine 
nozzle; 16^-inch-diameter tail-pipe nozzle 

Figure 6 
chart. 


5000 6000 7000 8000 9000 

Corrected engine speed, rpm 

(k) Type B combustion chamber; pressure altitude, 
40,000 feet; low-flow compressor; standard tur- 
bine nozzle; 16|— inch-diameter tail-pipe nozzle. 


■ Concluded, Comparison of measured pressure losses with losses calculated by means of pressure 
Static conditions. 
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AP 

O Calculated total pressure-loss ratio, — 1 

APT 4 

□ Measured total pressure-loss ratio, — -2- (G.E. probes) 

M 

O Measured total pressure-loss ratio, (MCA probes) 

P4 

A Calculated friction pressure-loss ratio, 

p 4 

V Calculated momentum pressure-loss ratio, 

P 4 
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Pressure-loss ratio 
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Figure 9*- Effect of • ram-pressure ratio on pressure-loss 
ratios for type B combustion chamber. Pressure altitude, 
30 jOOO feet | low-flow compressor; standard turbine nozzle; 
16^-inch-diameter tail-pipe nozzle. 
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Figure 10.- Effect of pressure altitude on calculated pressure- 
loss ratios for type A combustion chamber. Static conditions! 
low-flow compressor! small turbine nozzle } 16l-inch*-diameter 
tail-pipe nozzle 9 * 






Cycle efficiency* r|* and loss in cycle efficiency, 


-P* 

& 


<*|f 



Corrected engine speed, N/^9g» r P ra 

(a) Type A combustion chamber; pressure (b) Type B combustion chamber; pressure 
altitude, 5000 feet; low-flow com-^ altitude, 5000 feet; low-flow com- ^ 

pressor; small turbine noz 2 le; 16^- pressor; standard turbine nozzle; 16^- 
inch-dlameter tail-pipe nozzle. inch-diameter tail-pipe nozzle. 


(c) Type C combustion chamber; pressure 
altitude, 5000 feet; high-flow com- 
pressor; large turbine nozzle; 18- 
inch-dlameter tail-pipe nozzle® 


Figure 11a- Effect of altitude on loss in cycle efficiency due to combustion-chamber pressure losses. Static conditions® 
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Cycle efficiency, tyand less in cycle efficiency 






Figure 11.” Continued. Effect of altitude on loss In cycle efficiency due to com- 
bustion-chamber pressure losses. Static conditions. 
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Cycle efficiency, and loss in cycle efficiency, 



Corrected engine speed, N/.|02 , rpm 

(f) Type A combustion chamber} pressure (g) Type C combustion chamber; pressure 


altitude, 20,000 feet; low-flow com- altitude, 20,000 feet; high-flow com- 
pressor; small turbine nozzle; l&i- pressor; large turbine nozzle; 18-inch- 
inch-diameter tail-pipe nozzle. diameter tail-pipe nozzle. 


Figure 11.— Continued. Effect of altitude on loss in cycle efficiency due to com- 
bustion-chamber pressure losses. Static conditions. 
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Cycle efficiency# rj#and loss in cycle efficiency 



4000 5000 6000 7000 3000 4000 5000 6000 7000 


Corrected engine speed, N/J & 2 , rpm 

(h) Type A combustion chamber; pressure (i) Type C combustion chamber; pressure 
altitude , 30,000 feet; low-flow com- altitude, 30,000 feet; high-flow com- 
pressor; small turbine nozzle; 16~- pressor; large turbine nozzle; 18-inch- 

inch-diameter tail-pipe nozzle, 4 diameter tail-pipe nozzle, 

figure 11.- Continued. Effect of altitude on loss in cycle efficiency due to com- ^ 

bustion-chamber pressure losses. Static conditions. 'O 
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Cycle efficiency, TV and loss ln cycle efficiency 
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Cycle efficiency, tj, and loss in cycle efficiency 
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3000 4000 5000 6000 7000 8000 

Corrected engine speed, N/^J 0g , rpm 

Figure 13. - Effect of pressure altitude on loss in cycle 
efficiency due to combustion-chamber pressure losses 
for type A combustion chamber. Static conditions; low- 

flow compressor; small turbine nozzle; 16^— inch-diameter 
tail-pipe nozzle. 
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Figure 14.- Effect of ram-pressure ratio on loss in cycle 
efficiency due to combust ion -chamber pressure losses for 
type B combustion chamber, cross plot from figure 12. 
Pressure altitude, 40,000 feet; low-flow compressor; 
standard turbine nozzle; 162 :- inch-diameter tail-pipe nozzle. 

4 



Corrected engine speed, N/~j 63 , rpm 

Figure 15.- Comparison of combustion efficiencies of types 
A, B, and C combustion chambers. Pressure altitude, 

5000 feet; static conditions. 




Combustion efficiency 
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tail-pipe nozzle. 



3000 4000 5000 6000 7000 8000 9000 

Corrected engine speed, N/J9g , rpm 

Figure 17,- Effect of ram pressure ratio on combustion efficiency 
for type B combustion chamber. Pressure altitude, 40,000 feet? 

3 

low-flow compressor? standard turbine nozzle? 16|— inch-diameter 
tail-pipe nozzle. 
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Pressure 

Ram- 



altitude 

pressure 

*4 

(ft) 

ratio 

O 5,000 

i.oo\ 


W 2 

□ 10,000 

1.21 1 


130 

<0 30,000 

1.20 

► 

270 

A 40,000 

1.01 1 


490 

V 40,000 

1.86/ 



Data taken from 
cross-plots 

of and X 

against 

W* 



1.10 


.50 .60 .70 .80 .90 1.00 

Reciprocal of turbine-inlet temperature, jj— , 

5 

Figure 18.- Correlation of combustion efficiency with combustion- 
chamber-outlet temperatune for type B combustion chamber. 
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Station 4, Station B 

compressor 
outlet 


Station 5, 
turbine 
inlet 



Figure 19, - Equivalent combustion chamber of constant 
cross section. 
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(a) From measured values of over-all and friction pressure 
losses. 

Figure 20. - Determination of KA^ and A for type B combus- 
tion chamber. 
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(b) from two measured values of over-all pressure loss. 

Figure 20. - Concluded. Determination of KA^ and A for type 
B combustion chamber. 



















